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Preface
As worldwide crude oil and natural gas exploration, production, and refining activities increase, there is a continued need for petroleum engineers and natural gas engineers to be aware of the various aspects of the technologies and processes involved within their function to support crude oil and natural gas operations. A competent understanding of technology and various processes that drive the production and refining of crude oil and natural gas is essential. Another reason for the book is based on observations of young professionals and graduate students as they prepare to enter the fields of natural gas and crude oil development. While many organizations may offer various versions of software to solve engineering problems, many young engineers and students need to hone their fundamental abilities to tackle problems without using a computer. This book, in addition to addressing a variety of engineering issues related to crude oil and natural gas, also provides explanations and equations relating to fundamental chemical, chemical engineering, and petroleum engineering problems. Thus, the book is a compilation of definitions, descriptions, tables, chemical equations, and formulas of use to petroleum engineers.
To this end, the book has been compiled using a variety of information sources that also reflect the major changes that have occurred in the crude oil and natural gas industries over the past 10 to 15 years. Thus the book offers information relevant to the various sectors of the crude oil and natural gas industries and takes advantage of recent publications related to crude oil and natural gas operations. The contents are arranged alphabetically to provide ready access through an all-inclusive index to recover the desired information.
It is the purpose of this book to provide a ready-at-hand reference book for the office, laboratory, or field that the engineer can consult to help him or her in this task. The book will be a valuable asset for petroleum engineers, experts, and practicing professionals working in the crude oil and natural gas industries. 
DR. JAMES G. SPEIGHT Abrasion
Abrasion is the result of wear caused by friction and abrasiveness is the property of a substance that causes surface wear by friction and is also the quality of being able to scratch or abrade another material. Abrasion is the process by which an item or piece of equipment is worn down and can have an undesirable effect of exposure to normal use or exposure to the elements. On the other hand, abrasion can be intentionally imposed in a controlled process using an abrasive.
In operations involving the recovery of natural gas and crude oil, the abrasiveness of the minerals (which may be in the form of highly abrasive particulate matter) in the formation is a factor of considerable importance. Shale, which is the basis for the formation of tight formations, varies widely in abrasiveness and this factor may need to be considered when drilling into such formations for the recovery of natural gas and crude oil. Abrasion taking place in a shale formation can be classified according to the size of the attack angle in places subjected to wear. The attack angle is the angle between the axis of flow and tangent line of the surface. Depending on the angle of fuel moving with respect to contact surfaces, the attacks are classified as straight line attacks (impact to 90°) and oblique or slipping attacks (less than 90°). On the other hand, both carbonate minerals and clay minerals (that also occur in tight formations) have a relatively low abrasive ability while the abrasiveness of quartz is high. In fact, the abrasiveness of shale may be determined more by the nature of its associated impurities, such as the individual grains of sandstone, a common impurity in some shale or formations, which are render the mined shale harder and more abrasive.
Comparison of abrasion index of any formation is an important aspect of the recovery of natural gas and crude oil from tight shale formations. However, some formations are less abrasive than others because the abrasive minerals in the formation may be diluted by comparatively nonabrasive organic matter and relatively nonabrasive mineral matter.
The abrasion index (sometimes referred to as the wear index) is a measure of equipment (such as drill bit) wear and deterioration. At first approximation the wear is proportional to the rate of fuel flow in the third power and the maximum intensity of wear in millimeters) can be expressed: . m -coefficient of wear resistance of metal; ω -velocity of fuel flow, meters/sec. τ -operation time, hours. The resistance of materials and structures to abrasion can be measured by a variety of test methods (Table) which often use a specified abrasive or other controlled means of abrasion. Under the conditions of the test, the results can be reported or can be compared to items subjected to similar tests. These standardized measurements can be employed to produce two sets of data: (1) the abrasion rate, which is the amount of mass lost per 1,000 cycles of abrasion, and (2) the normalized abrasion rate, which is also called the abrasion resistance index and which is the ratio of the abrasion rate (i.e., mass lost per 1,000 cycles of abrasion) with the known abrasion rate for some specific reference material. 
Absorption
In the gas processing industry, absorption is a physical or chemical process by which the gas is distributed throughout an absorbent (liquid); depends only on physical solubility and may include chemical reactions in the liquid phase ( chemisorption). Absorption is generally used to separate a higher-boiling constituent from other components of a system of vapors and gases. The absorption medium is usually a liquid and the process is widely employed in the recovery of natural gasoline from natural gas streams and of vapors given off by storage tanks. Liquid absorption processes (which usually employ temperatures below 50 °C (<120 °F) are classified either as physical solvent processes or chemical solvent processes. The former processes employ an organic solvent, and low temperatures, or high pressure, or both enhance absorption; regeneration of the solvent is often accomplished readily. On the other hand, in chemical solvent processes, absorption of the acid gases is achieved mainly by use of alkaline solutions such as amine derivatives (Figure 1 ) or carbonate derivatives (Figure 2 ) in which a chemical reaction occurs between the solvent and the contaminant(s). Regeneration (desorption) can be brought about by use of reduced pressures and/or high temperatures, whereby the acid gases are stripped from the solvent.
If absorption is a physical process not accompanied by any other physical or chemical process, it usually follows the Nernst partition law in which the ratio of concentrations of solute species in two bulk phases in contact is constant for a given solute and bulk phases, i.e.: The value of constant K N , the partition coefficient, is dependent upon temperature and the value is valid if concentrations are not too large and if the species x does not change its chemical or physical form in either phase-1 or phase-2. In the case of gas absorption, the concentration a solute (c) in one of the phases can be calculated using the Ideal gas law (e.g., c = p/RT). Alternatively, partial pressure may be used instead of concentration.
In a gas processing plant, the absorption oil has an affinity for the natural gasoline constituents. As the natural gas or refinery gas (or mixture thereof) is passed through an absorption tower, it is brought into contact with the (lean) absorption oil which soaks up a high proportion of the liquid hydrocarbons. The rich absorption oil now containing the hydrocarbons exits the absorption tower through the base after which it is fed into lean oil stills, where the mixture is heated to a temperature above the boiling point of the absorbed hydrocarbons but below that of the oil. This process allows for the recovery of approximately 75% v/v of butanes, and 85 to 90% v/v of pentanes and higher boiling hydrocarbons from the stream.
The process above can be modified to improve its effectiveness, or to target the extraction of specific hydrocarbons. In the refrigerated oil absorption method, where the lean oil is cooled through refrigeration, propane recovery can be upwards of 90% v/v and around 40% v/v of any ethane present in the gas stream. Extraction of higher molecular weight hydrocarbons approaches 100% v/v using this process. 
Acid Gas Removal
Natural gas, while ostensibly being hydrocarbon (predominantly methane) in nature, contains large amounts of acid gases such as hydrogen sulfide (H 2 S) and carbon dioxide (CO 2 ) as or even process gas that contains significant amounts of hydrogen sulfide, carbon dioxide, or similar contaminants. Acid gas removal (acid gas treating, sometimes also referred to as acid gas scrubbing) is the removal of acidic gases such as hydrogen sulfide and carbon dioxide from natural gas or from process gas streams. The process for removing hydrogen sulfide and carbon dioxide from sour gas is commonly referred to as sweetening the gas.
To sweeten the high acid content gas, it is first prescrubbed to remove entrained brine, hydrocarbons, and other substances. The sour gas then enters an absorber, where lean amine solution chemically absorbs the acid gas components, as well as a small portion of hydrocarbons, rendering the gas ready for processing and sale. An outlet scrubber removes any residual amine, which is regenerated for recycling. Hydrocarbon contaminants entrained in the amine can be separated in a flash tank and used as fuel gas or sold. Process efficiency can be optimized by mixing different types of amine to increase absorption capacity, by increasing the amine concentration, or by varying the temperature of the lean amine absorption process.
Acid gas removal (i.e., removal of carbon dioxide and hydrogen sulfide from natural gas streams) is achieved by application of one or both of the following process types: (1) absorption and, (2) adsorption (Figure 1) . The processes for acid gas removal involve the chemical reaction of the acid gases with a solid oxide (such as iron oxide) or selective absorption of the contaminants into a liquid (such as ethanolamine) that is passed countercurrent to the gas. Then the absorbent is stripped of the gas components (regeneration) and recycled to the absorber. The process design will vary and, in practice, may employ multiple absorption columns and multiple regeneration columns.
Liquid absorption processes (which usually employ temperatures below 50 °C (120 °F) are classified either as physical solvent processes or chemical solvent processes. The former processes employ an organic solvent, and absorption is enhanced by low temperatures, or high pressure, or both. Regeneration of the solvent is often accomplished readily. In chemical solvent processes, absorption of the acid gases is achieved mainly by use of alkaline solutions such as amines or carbonates. Regeneration (desorption) can be brought about by use of reduced pressures and/or high temperatures, whereby the acid gases are stripped from the solvent.
The most well-known hydrogen sulfide removal process is based on the reaction of hydrogen sulfide with iron oxide (iron sponge process or dry box method) in which the gas is passed through a bed of wood chips impregnated with iron oxide:
The bed is then regenerated by passage of air through the bed:
The bed is maintained in a moist state by circulation of water or a solution of soda ash. The method is suitable only for small-to-moderate quantities of hydrogen sulfide. Approximately 90% of the hydrogen sulfide can be removed per bed but bed clogging by elemental sulfur occurs and the bed must be discarded, and the use of several beds in series is not usually economical. Removal of larger amounts of hydrogen sulfide from gas streams requires continuous processes, such as the Ferrox process or the Stretford process.
The Ferrox process is based on the same chemistry as the iron oxide process except that it is fluid and continuous. The Stretford process employs a solution containing vanadium salts and anthraquinone disulfonic acid. Most hydrogen sulfide removal processes involve fairly simple chemistry with the potential for regeneration with return of the hydrogen sulfide. However, if the quantity involved does not justify installation of a sulfur recovery plant, usually a Claus plant, it is will be necessary to select a process which produces elemental sulfur directly:
The conversion can be achieved by reacting the hydrogen sulfide gas directly with air in a burner reactor if the gas can be burnt with a stable flame.
Other equilibria which should be taken into account are the formation of sulfur dimer, hexamer, and octamer as well as the dissociation of hydrogen sulfide: H 2 S H 2 + S Carbonyl sulfide and carbon disulfide may be formed, especially when the gas is burned with less than the stoichiometric amount of air in the presence of hydrocarbon impurities or large amounts of carbon dioxide.
Equilibrium conversion is almost complete (approximately 99 to 100%) at relatively low temperatures and diminishes at first at higher temperatures, in accordance with the exothermic nature of the reaction. A further rise in temperature causes the equilibrium conversion to increase again. This is a consequence of the dissociation of the polymeric sulfur into monatomic sulfur.
Catalysis by alumina is necessary to obtain good equilibrium conversions: the thermal Claus reaction is fast only above 500 °C (930 °F). There is also a lower temperature limit which is not caused by low rates but by sulfur condensation in the catalyst pores and consequent deactivation of the catalyst. The lower limit at which satisfactory operation is still possible depends on the pore size and size distribution of the catalyst; with alumina-based catalysts having wide pores, the conversion proceeds satisfactorily at approximately 200 °C (390 °F).
In all configurations of the Claus process (Figure 2 ), several conversion steps in adiabatic reactors are used, with intermittent and final condensation of the sulfur produced. 
